Harnessing hot electrons and holes resulting from the decay of localized surface plasmons in nanomaterials has recently led to new devices for photovoltaics, photocatalysis and optoelectronics. Properties of hot carriers are highly tunable and in this work we investigate their dependence on the material, size and environment of spherical metallic nanoparticles. In particular, we carry out theoretical calculations of hot carrier generation rates and energy distributions for six different plasmonic materials (Na, K, Al, Cu, Ag and Au). The plasmon decay into hot electron-hole pairs is described via Fermi's Golden Rule using the quasistatic approximation for optical properties and a spherical well potential for the electronic structure. We present results for nanoparticles with diameters up to 40 nm, which are embedded in different dielectric media. We find that small nanoparticles with diameters of 16 nm or less in media with large dielectric 1 arXiv:1802.05096v1 [cond-mat.mtrl-sci]
i.e. in photocatalytic or photovoltaic devices. [1] [2] [3] [4] [5] [6] [7] [8] For example, Mukherjee et al. observed that plasmon-induced hot electrons can trigger H 2 dissociation reactions on the surface of gold nanoparticles. 9 An important advantage of nanoplasmonic devices compared to traditional systems is their tunability: their optical and electronic properties depend sensitively on the nanoparticle size and shape, but also on the nanoparticle material and its environment.
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To guide experimental progress and identify nano-devices with favorable hot-carrier properties, a detailed theoretical understanding of the physico-chemical processes that govern hot-carrier generation is needed. However, developing such a theory is challenging because of the large size of experimentally relevant nanoparticles. Atomistic ab initio calculations are currently only feasible for metallic clusters and very small nanoparticles. 5, 16, 17 To model properties of experimentally relevant nanoparticles with radii of 10 nm or more, two different strategies have been employed. In many calculations, simplified models for the electronic structure of the nanoparticle are used, such as jellium models or non-interacting electron models. [18] [19] [20] [21] 
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Another class of approaches is based on the assumption that the electronic structure of the nanomaterial is similar to the electronic structure of the bulk material, which can be obtained with ab initio approaches. These approaches are particularly useful for materials with shallow d-states, such as gold or copper. [22] [23] [24] [25] However, a complete description of hotcarrier generation that captures both nanoparticle size effects and d-bands is still missing.
In this paper, we do not attempt to develop such a complete theory of hot-carrier generation. Instead, we use a simplified description of the nanoparticle electronic structure to explore the dependence of hot-carrier properties on the nanoparticle material, size and environment. In particular, we carry out calculations for spherical nanoparticles with diameters up to 40 nm and investigate six different plasmonic metals: the simple-metals sodium (Na), potassium (K) and aluminium (Al) and the transition-metals gold (Au), silver (Ag) and copper (Cu). For some systems, such as simple-metal nanoparticles or transition-metal nanoparticles in an environment with a large dielectric constant, we expect that our simplified electronic structure model gives accurate results. For transition-metal nanoparticles in an environment with weak screening, our calculations are less accurate because of the lack of d-states in the model, but should provide a useful lower bound on hot-carrier generation rates.
The paper is structured as follows: we first explain in detail our computational approach for calculating hot-carrier generation rates emphasizing the importance of an accurate description of carrier lifetimes. We then present our results for the optical and hot-carrier properties of metallic nanoparticles, discuss consequences for hot-carrier induced solar water splitting and offer conclusions.
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Result and discussion
Description of the model. For a spherical nanoparticle of radius R and volume V = 4πR 3 /3, illuminated by light of frequency ω, we use Fermi's golden rule to express the number of hot electrons with energy E generated per unit time, volume and energy as
where the prefactor of 2 takes spin into account and Γ if is the probability rate of exciting an electron from state Ψ i to state Ψ f (with corresponding energies E i and E f ) given by
In this equation, Φ tot denotes the total potential including both the external perturbation by the light field and the induced response of the nanoparticle, and ρ if describes the density of available states via
where the first term captures resonant transitions, while the second term describes antiresonant transitions. The relative importance of these two processes is controlled by the linewidth of the transition γ if which plays an important role for the distribution of hot carriers. 19 To calculate the distribution of hot holes N h (E, ω), E f on the right hand side of Eq. 1 has to be replaced by E i .
To calculate γ if we use Matthiessen's rule and partition the linewidth into contributions from electron-electron (el-el) and electron-phonon (el-ph) interactions in the initial and final states according to
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The electron-phonon contributions to the linewidth are calculated with the Debye model 27, 28 according to
where ω D denotes the Debye frequency corresponding to a Debye temperature
and λ is the electron-phonon mass enhancment parameter.
For the electron-electron contributions to γ if , Fermi liquid theory 29, 30 for a homogeneous electron gas of conduction electron density ρ yields
with m, e, 0 and E F = femtoseconds for states near the Fermi level and less than 10 femtoseconds at carrier energies higher than 2-3 eV. These values are in good agreement with previous theoretical and experimental pump-probe results. 11, 22, 27, [34] [35] [36] Note that the discrepancy with two-photon photoemission experiments, which often report lifetimes in the picosecond range, 13, 29, 37, 38 can be explained by transport effects.
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The total potential in Eq. 2 is calculated within the quasi-static approximation 41 given by
where the first term describes the perturbing light field and the second term captures the response of the nanoparticle. Also, E 0 is the strength of the external electric field which is set to ensure an illumination intensity of 1 mW/µm 2 and (ω) and m are the dielectric functions of the bulk material and the environment surrounding the nanoparticle, respectively. The bulk dielectric functions are calculated from experimental data for the refractive index n(ω)
where 1 (ω) and 2 (ω) denote the real and imaginary parts of the dielectric function, respectively.
The final ingredients needed to evaluate Eqs. 1 and 2 are the single-particle wave functions Ψ j (r) and their energies E j of the spherical nanoparticle. These quantities are obtained by solving the Schrödinger equation for non-interacting electrons in a spherical well potential.
For sufficiently large nanoparticles, it has been shown that the effect of electron-electron interactions on hot carrier generation rates is small. 19 For a given nanoparticle radius, the depth of the potential well is chosen such that the energy of the highest occupied state is equal to experimentally measured work function of the material under consideration (see Table 1 ). Note that the work function depends in general on the Miller indices of the surface.
For simplicity, we worked with an averaged workfunction when more than one value was available corresponding to a polycrystalline sample. Additional details of our approach to solving the Schrödinger equation for the spherical well can be found in the Methods section.
In our calculations, we replaced Delta-function in Eq. 1 by a Gaussian with a standard deviation σ of 0.05 eV.
For a given photon energyhω, integrating Eq. 1 over the hot electron (hole) energy yields the total number of hot electrons (holes) produced per unit time and volume according to
and the power absorbed by the hot carriers is given by
where all energies are measured with respect to the Fermi level. Similarly, following Manjavacas et al., we define a figure of merit (FoM) as the number of hot electrons above a certain energy δE from the Fermi level according to
The FoM of hot holes is obtained by performing the sum with the condition
Finally, the total number of hot carriers produced by a light source of spectral irradiance
, where I(ω) denotes the energy deposited by unit time and area, is given
where N hc (ω) = N e (ω) + N h (ω) and I 0 = 1 mW/µm 2 is the intensity of the monochromatic light source used in Eq. 7.
We also study optical properties of spherical nanoparticles. If the nanoparticles radius is smaller than the wavelength of light, light absorption dominates over scattering processes.
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Within the quasistatic approximation, the absorption cross section is given by
where c is the speed of light and n m is the refractive index of the medium. The power absorbed by the nanoparticle in the quasistatic approximation is
As the radius of the nanoparticle becomes comparable to the wavelength of light, corrections to the quasi-static absorption cross section become important. In particular, Mie theory predicts a red shift of the plasmon energy as the radius increases. 10, 12, 41 The quasistatic approximation also fails for very small nanoparticles when the radius approaches the electron mean free path of the metal.
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Optical properties. Figure 2 shows the quasi-static absorption cross section for spherical nanoparticles of the six selected plasmonic metals (Au, Ag, Cu, Al, K, Na) as a function of the photon energy and for different dielectric environments. In particular, we carried out calculations for m = 1 corresponding to a nanoparticle in vacuum, m = 5 corresponding roughly to a nanoparticle embedded in an organic material (for example, pentacene) and m = 10 corresponding to a nanoparticle embedded in a semiconductor, such as silicon or
GaAs. All curves are offset for clarity and normalized such that the maximum absorption cross section is unity (as a consequence, the results are independent of the nanoparticle radius). The solar spectrum (standard direct plus circumsolar) 42 is also drawn as a shaded curve.
We observe a clear difference between simple metals (Al, K and Na) and transition metals (Au, Ag and Cu). The simple metals exhibit a Drude-like absorption spectrum with a single peak corresponding to the localized surface plasmon resonance. The high plasmon energy of Al results from its high conduction electron density. For larger environment dielectric constants, the plasmon peaks shift to lower energies as the additional screening of the surrounding medium reduces the energy required to polarize the nanoparticle. The shift is largest for Al, whose plasmon peak moves from 8.96 eV in vacuum to 3.40 eV for m = 10
and now overlaps with the solar spectrum. Table 2 summarizes the energies of the localized surface plasmon resonances of the selected metals in different environments.
In contrast, the absorption spectra of the transition-metal nanoparticles exhibit a more complicated shape. For Ag, the spectrum has a strong plasmon peak at 3.50 eV followed by a broad shallow peak at higher energies (for m = 1). This additional feature results from Increasing the environment dielectric constant leads to dramatic changes in the absorption spectra of transition-metal nanoparticles. As the plasmon energy is reduced, the d-band features become less important and a Drude-like spectrum is recovered. We have compared the calculated absorption spectra with experimental measurements [43] [44] [45] [46] and found good agreement for the positions of the absorption peaks and also for the shifts induced by a dielectric environment.
Hot carrier energy distribution. Figure 3 shows the distribution of hot electrons and holes as a function of their energy for a Na nanoparticule with R = 10 nm. An environment dielectric constant of m = 1 was used and the photon energy was set to ω LSP = 3.28 eV, the energy of the localized surface plasmon. We find (see inset) that both hot electron and hole distributions are strongly peaked in the vicinity of the Fermi level E F . At lower (higher) energies, the hole (electron) distribution has a complicated profile with many peaks and decays to zero for energies smaller (larger) than E F − ω LSP (E F + ω LSP ). Table 2 ).
We first discuss the size dependence of the hot carrier distributions. For very small nanoparticles (with radii of 4 nm or less), the distributions exihibit discrete peaks. The electronic structure of such nanoparticles is molecule-like with a discrete set of one-electron levels and the peaks in the hot carrier distribution result from transitions between such levels. For larger nanoparticles, the energy spacing between one-electron levels shrinks and the hot carrier distributions become quasi-continuous.
Considering the material dependence, we find that all six plasmonic metals exhibit hot carrier distributions with strong peaks near the Fermi energy. Those peaks are largest for Al, which has the highest plasmon energy and the shortest lifetime for carriers near E F , see In contrast, the energy of the localized surface plasmon in transition-metal nanoparticles (Au, Ag and Cu) is smaller than the workfunction and the resulting hot carrier distributions are relatively structureless and exhibit no peaks above the vacuum level.
Hot carrier power absorption. For the simple metals (Na, K and Al), we find that the total power of the hot carriers P hc (ω) follows closely the quasistatic absorption P qs (ω) indicating that the spherical well model accurately describes the electronic structure of these systems. In contrast, there are clear differences between the two curves for transition-metal nanoparticles. For Ag, Au and Cu, P hc (ω) has a peak at ω LSP and decreases at higher photon energies, while P qs (ω) goes through a minimum after the plasmon peak and then increases again. As discussed above, the increase in P qs (ω) is caused by d-band transitions (recall that we are using experimentally Figure 5 : Quasistatic absorbed power (solid lines) calculated using Eq. 16 and the hot carrier absorbed power (dots) calculated using Eq. 12 for an R = 6 nm nanoparticle. The hot carrier power has been rescaled to match the maximum value of the quasistatic curves. not capture such transitions and the corresponding features in P hc (ω) are missing. Note, however, that an increase in the environment dielectric function reduces the relative importance of d-state features in P qs (ω) for transition-metal nanoparticles and improves the agreement with P hc (ω). We also observe that higher values of m lead to higher absorption at ω LSP (except for Al) indicating that there exists an optimal value for the medium dielectric constant which maximises hot carrier generation rates. Figure 6 shows the FoM (Eq. 13) for nanoparticles of different sizes and compositions in various dielectric environments. We use the energy threshold δE = 0.3hω LSP , where ω LSP denotes the energy of the localized surface plasmon (see Table 2 ).
Hot carrier Figure of Merit.
We observe that the FoM of hot electrons (solid circles) is always larger than the FoM of hot holes (empty circles) (except in some cases for very small nanoparticles). This is due to the fact that electrons can be excited to arbitrarily high energies, while hole energies are restricted by the depth of the potential well. We also find that an increase in the environment dielectric constant m results in an increase in the FoM. Specifically, the FoM of Al nanoparticles doubles as m increases from 1 to 10, while the FoM of Na, K and Ag increases by a factor of 10. For Cu and Au, the FoM even increases by two orders of magnitude demonstrating the important role of environment screening for hot carrier properties. The increase in the FoM is caused by two factors: (i) increasing m leads to enhanced absorption at the plasmon resonance (see Fig. 5 ) and (ii) increasing m reduces the plasmon energy and thus increases the relative importance of resonant transitions. Water splitting. Plasmonic nanoparticles have been used as catalysts in the photoelectrochemical splitting of water into oxygen and hydrogen gas. [3] [4] [5] To identify promising candidate systems, we calculate the total number of hot electrons (holes) produced by sunlight (Eq. 14) with energies larger (less) than the hydrogen (oxygen) evolution energy E HER = −4.44 eV (E OER = −5.67 eV).
47 Fig. 7 shows our results for R = 6 nm nanoparticles in different dielectric environments (the radial dependence of water splitting properties can be found in the Supporting Information). We find that simple-metal nanoparticles (most notably, Na and K) are significantly more efficient at producing hot electrons for the hydrogen evolution reaction than transition-metal nanoparticles. This is because the Fermi levels of Na and K sit at a higher energy than in Au, Ag and Cu and therefore the number of hot electrons above the hydrogen evolution energy is larger. As m increases, the total number of hot electrons increases and the difference between simple metals and transition metals becomes smaller.
In contrast, holes for the oxygen evolution reaction are much more efficiently produced in transition-metal nanoparticles, while the number of hot holes produced in Na and K is extremely small. Again, hot hole production rates are enhanced as m increases. It is important to note that nanoparticles can undergo significant modifications in realistic environments. For example, alkali metals react with aqueous solutions to form dissolved hydroxide ions. Aluminium nanoparticles acquire a surface oxide layer which can act as a tunnel barrier for hot electrons or allow molecules to diffuse to the aluminium surface.
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Conclusions
We have studied properties of plasmon-induced hot electrons and holes in spherical nanoparticles and analyzed their dependence on the material, the nanoparticle size and its environ- by Na, K and Au nanoparticles embedded in media with large dielectric constants. Finally, plasmon-induced water splitting was studied. We find that simple metals, in particular Na and K, efficiently generate electrons for the hydrogen evolution reaction while transitionmetal nanoparticles produce holes for the oxygen evolution reaction. This suggests that either mixtures of simple-metal and transition-metal nanoparticles or bimetallic nanostructures, such as Janus or core-shell particles, should be used to achieve optimal performance in water splitting devices. 
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We model electrons in spherical metallic nanoparticles as free particles in a spherical potential well given by
where r is the distance from the center of the nanoparticle, V 0 and R denote the depth of the potential well and the radius of the nanoparticle, respectively. Exploiting spherical symmetry, we split the Schrödinger equation into an angular and a radial part. The solutions of the angular part are the spherical harmonics while the solutions of the radial part can be obtained numerically in terms of the spherical Bessel function of the first and second kind.
Specifically, the radial Schrödinger equation is given by 
where E is the energy of the electron state, m is the mass of the electron and l is the angular momentum quantum number. The radial solution χ(r) has to be continuous at the origin and at infinity, and its first derivative must be continuous at the surface of the nanoparticle. 
where j l and y l are the spherical Bessel function of the first and second kind, respectively, and
A is a normalisation constant. The wave vectors k 1 = 2m/h 2 (E − V 0 ) and k 2 = 2m/h 2 E
depend on E and must be chosen to guarantee continuity of the solutions and their first derivatives at r = R. This condition leads to
where h l (r) is the spherical Hankel function of the first kind defined as h l (r) = j l (r) + iy l (r).
This equation can be easily solved numerically and the solutions are the energy eigenvalues
Within this model, a spherical nanoparticle is characterized by two parameters: its radius R and the well depth V 0 , which is determined by the condition that the calculated Fermi energy of the nanoparticle should be equal to the experimentally measured work function of the bulk metal. Specifically, for a given valence electron density and nanoparticle radius, 
where α and β are chosen to guarantee continuity of the solutions and its first derivative at r = R and A is a normalization constant. To discretize the continuous spectrum of unbound states, we impose hard wall boundary conditions at a radius R HW R.
Supporting Information Available
The following files are available free of charge. Radial dependence plots of water splitting hot carriers.
Graphical TOC Entry 
